The process of autophagy has been described in detail at the molecular level in normal cells, but less is known of its regulation in cancer cells. Aplasia Ras homolog member I (ARHI; DIRAS3) is an imprinted tumor suppressor gene that is downregulated in multiple malignancies including ovarian cancer. Re-expression of ARHI slows proliferation, inhibits motility, induces autophagy and produces tumor dormancy. Our previous studies have implicated autophagy in the survival of dormant ovarian cancer cells and have shown that ARHI is required for autophagy induced by starvation or rapamycin treatment. Re-expression of ARHI in ovarian cancer cells blocks signaling through the PI3K and Ras/MAP pathways, which, in turn, downregulates mTOR and initiates autophagy. Here we show that ARHI is required for autophagy-meditated cancer cell arrest and ARHI inhibits signaling through PI3K/AKT and Ras/MAP by enhancing internalization and degradation of the epidermal growth factor receptor. ARHImediated downregulation of PI3K/AKT and Ras/ERK signaling also decreases phosphorylation of FOXo3a, which sequesters this transcription factor in the nucleus. Nuclear retention of FOXo3a induces ATG4 and MAP-LC3-I, required for maturation of autophagosomes, and also increases the expression of Rab7, required for fusion of autophagosomes with lysosomes. Following the knockdown of FOXo3a or Rab7, autophagolysosome formation was observed but was markedly inhibited, resulting in numerous enlarged autophagosomes. ARHI expression correlates with LC3 expression and FOXo3a nuclear localization in surgical specimens of ovarian cancer. Thus, ARHI contributes to the induction of autophagy through multiple mechanisms in ovarian cancer cells. Autophagy is a dynamic intracellular process that degrades organelles and long-lived cytosolic proteins by sequestration within double-membrane enclosed vesicles termed autophagosomes. Lysosomes fuse with autophagosomes to produce autolysosome. Within acidified autolysosome, hydrolases cleave proteins and lipids, releasing amino acids and fatty acids that can provide energy for cells in a nutrient-poor environment.
Autophagy is a dynamic intracellular process that degrades organelles and long-lived cytosolic proteins by sequestration within double-membrane enclosed vesicles termed autophagosomes. Lysosomes fuse with autophagosomes to produce autolysosome. Within acidified autolysosome, hydrolases cleave proteins and lipids, releasing amino acids and fatty acids that can provide energy for cells in a nutrient-poor environment.
1,2 While many of the steps involved in autophagy have been well described at a molecular level, regulation of these events in malignant mammalian cells is less well understood.
Our group has identified a maternally imprinted tumor suppressor gene, DIRAS3, which regulates several steps in autophagy including induction and membrane elongation. Aplasia Ras homolog member I (ARHI) is an imprinted gene that is expressed from a single paternal allele in most normal tissues and that is downregulated in a fraction of carcinomas of the ovary, breast, lung, prostate, thyroid and pancreas. ARHI's downregulation in 460% of ovarian cancers is associated with decreased progression-free survival. 3 Downregulation is achieved through multiple mechanisms, including loss of heterozygosity, DNA methylation, transcriptional regulation and shortened RNA half-life. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ARHI encodes a 26 kDa GTPase with 50-60% homology to Ras and Rap. 5 In contrast to the oncogenic activity of Ras, re-expression of ARHI at physiologic levels slows proliferation, inhibits motility, produces tumor dormancy and induces autophagy. ARHI not only induces autophagy but is also required for autophagy induced by treatment with rapamycin. 6 ARHI-induced autophagy can also sustain survival of dormant ovarian cancer cells in xenografts. When dormancy was induced by re-expression of ARHI, treatment of dormant xenografts with chloroquine, a functional inhibitor of autophagy, significantly delayed outgrowth of tumors when dormancy was interrupted by subsequent downregulation of ARHI.
FOXo3a to the nucleus and encourages transcription of autophagy-related genes, including ATG4, MAP-LC3 and Rab7. As ARHI inhibits both the PI3K/AKT and Ras/ERK signaling pathways and induces autophagy, we hypothesized that FOXo3a might mediate some of the proautophagic activities of ARHI.
Results
ARHI produces cell growth arrest and autophagymediated cell death. Our previous study demonstrated that re-expression of ARHI in cell culture produced autophagic cell death within 3-4 days and re-expression of ARHI in xenografts induced dormancy with persistent suppression of viable tumor growth. 6 To test whether ARHI-induced ovarian cancer cell growth arrest depends upon autophagy, we established a stable knockdown of ATG5 in SKOv3-ARHI cells by the lentiviral infection. As expected, re-expression of ARHI in SKOv3-ARHI-shATG5 cells produced significantly less conversion of LC3I to LC3II, when compared with SKOv3-ARHI-shControl cells ( Figure 1a ). ARHI expression significantly inhibited tumor cell growth in a time-dependent manner in SKOv3-ARHI-shControl cells (Figure 1a ), but exhibited little growth inhibitory effect on SKOv3-ARHIshATG5 cells (Figure 1a ), suggesting that ARHI induces autophagy-mediated cancer cell death. To evaluate the effect of endogenous expression of ARHI on growth of ovarian and breast cancer cells, we measured the growth rates of ovarian and breast cancer cell lines that expressed different levels of ARHI protein. CaOv3, EFO21, BT474 and T47D expressed higher level of ARHI and exhibited slower growth, whereas Hey, OC316, MB231 and MCF-7 expressed lower levels of ARHI had relatively higher rates of growth ( Figure 1b) . Interestingly, ARHI expression positively correlated with the formation of basal autophagy in the ovarian and breast cancer cells ( Figure 1c ) and knock down of ARHI expression with siRNA transfection reduced basal autophagy in the cancer cells, as determined by immunofluorescence staining (Figure 1c) . Taken together, we demonstrated that ARHI expression induced cell growth arrest and autophagymediated cell death.
ARHI inhibits AKT and ERK activation by EGF. In an earlier study, we reported that re-expression of ARHI in SKOv3-ARHI cells inhibited both basal and lysophosphatidic acid-induced activation of AKT 6 To determine if ARHI inhibits growth factor-induced activation of the PI3K/AKT and Ras/ERK signaling pathways, SKOv3-ARHI cells were treated with doxycycline (DOX) for 24 h to induce ARHI expression and were then stimulated with EGF before measurement of pAKT and pERK levels by western blotting. Treatment with EGF stimulated rapid AKT and ERK phosphorylation in uninduced SKOV3-ARHI cells, whereas ARHI re-expression inhibited both the activation of AKT and ERK by EGF, as indicated by reduced levels of pAKT and pERK (Figure 2a ). In addition, we examined a second ARHI-inducible ovarian cancer cell line, Hey-ARHI. Similar to the SKOv3-ARHI cells, ARHI re-expression in Hey-ARHI cells also reduced EGF-mediated AKT and ERK phosphorylation (Figure 2b ).
ARHI inhibits EGF-stimulated PI3K activity and membrane localization of AKT. Activation and phosphorylation of AKT by peptide growth factors such as EGF occur through activation of tyrosine kinase growth factor receptors. These receptors, in turn, stimulate PI3K lipid kinase activity, which increases production of PIP 3 . Finally, increased PIP 3 results in the recruitment of cytosolic AKT to the plasma membrane, where it is phosphorylated by PDK1. 8 Furthermore, we sought to determine if reduced AKT activation was due to inhibition of upstream PI3K activity. SKOv3-ARHI cells were treated with DOX for 24 h to express ARHI and then stimulated with EGF for 15 min. Whole-cell lysates were prepared, immunoprecipitated with anti-PI3K p85 antibody and assayed for PI3K activity. While EGF increased PI3K activity in control cells, expression of ARHI significantly reduced both basal and EGF-stimulated PI3K activity (Figure 2c ). To confirm inhibition of PI3K activity by ARHI, we examined the cell membrane localization of AKT in response to EGF in the presence or absence of ARHI. Using the PH domain of AKT (PH AKT ) as a probe to detect PIP 3 , we found that the presence of ARHI in SKOv3-ARHI cells markedly reduced EGF-induced membrane accumulation of GFP-PH AKT , a result that is similar to cells treated with the PI3K inhibitor wortmannin (Figure 2d ). To demonstrate that ARHI-induced inhibition was specific to PIP 3 , we also imaged the PH domain from PLCd that binds PIP 2 . As shown in Figure 2d , neither ARHI nor wortmannin inhibited PH PLCd membrane localization. Taken together, our results demonstrate that ARHI inhibits the PI3K/AKT signaling pathway by inhibiting PI3K activity, resulting in reduced PIP 3 production and AKT phosphorylation.
ARHI suppresses EGF-stimulated Ras activation and membrane localization. A key upstream regulator of ERK activation is Ras, which exists in a GTP-bound active state or GDP-bound inactive state. 9, 10 To determine if reduced pERK levels may be due to the inhibition of Ras activation by ARHI, we performed Ras-GTP pull-down experiments in SKOv3-ARHI cells treated with DOX or diluent followed by EGF exposure. In cells stimulated with EGF and expressing ARHI, binding of GTP both by endogenous Ras and transfected GFP-Ras was decreased (Figure 2e ). Consistent with these observations, confocal image analysis of transiently transfected GFP-Ras also showed a marked reduction in EGF-stimulated membrane localization of GFP-Ras in DOX-treated SKOv3-ARHI cells (Figure 2f ).
ARHI downregulates EGFR.
As expression of ARHI in SKOv3-ARHI and Hey-ARHI affected EGF-mediated stimulation of both the PI3K/AKT and Ras/ERK signaling pathways, we hypothesized that ARHI might alter the activation or function of tyrosine kinase growth factor receptors. To test this hypothesis, we examined EGF-stimulated epidermal growth factor receptor (EGFR) phosphorylation and the steady-state levels of total EGFR. In the presence of ARHI in both SKOv3-ARHI and Hey-ARHI cells, inhibition of both EGF-stimulated EGFR phosphorylation and steady-state levels of total EGFR was observed (Figure 3a) . Upon binding to their ligands, growth factor receptors are rapidly internalized into the multivesicular endosomes, which can then be recycled back to the plasma membrane or be delivered to lysosomes for degradation. [11] [12] [13] [14] To determine whether ARHI affects the recycling process that contributes to the reduction in EGFR, cell lysates were prepared at different intervals after EGF stimulation in control and ARHI reduces FOXo3a phosphorylation and induces its nuclear localization. The transcription factor FOXo3a has been reported to contribute to the induction of autophagy in muscle cells. 15 FOXo3a is negatively regulated by several growth-promoting signaling molecules, including AKT and ERK. [16] [17] [18] Phosphorylation of FOXo3a at Ser318 by AKT and phosphorylation of FOXo3a at Ser294, Ser344 and Ser425 by ERK target pFOXo3a for rapid degradation in the cytoplasm via the proteasome pathway.
18-20 Consequently, we asked if ARHI-induced inhibition of AKT and ERK can inhibit FOXo3a phosphorylation and enhance its transcriptional activity. SKOv3-ARHI cells were treated with or without DOX and EGF, as well as with an AKT inhibitor and an ERK inhibitor, before measuring the phosphorylation status, nuclear localization and transcriptional activity of Figure S4) . Transient transfection of constitutively active AKT plasmid and constitutively active AKT prevented ARHI-induced nuclear localization of Foxo3a, suggesting that FOXo3a nuclear localization is mediated by ARHI-induced inhibition of both AKT and ERK signaling (Figure 4f ). Finally, we determined that the nuclear localized FOXo3a is transcriptionally active as upregulation of ARHI increased the luciferase activity of a transfected FOXo3a-luciferase reporter gene (Figure 4g ).
Knockdown of FOXo3a reduces ARHI-mediated induction of ATG4 and MAP-LC3-I expression. We previously observed that induction of ARHI expression in SKOv3-ARHI cells leads to increased levels of ATG4. 6 To examine in greater detail the kinetics of ATG4 expression in the presence of ARHI, cell lysates were collected at different intervals after DOX treatment to measure levels of ATG4, p62 and LC3. As shown in Figure 5a , ATG4 expression was elevated 48 h after DOX treatment and peaked at 72 h, whereas the increase in LC3 could easily be detected by 24 h. More importantly, the ratio of LC3 II to LC3 I, an indication of autophagy, was significantly increased at 48 h and was maximal at 72-96 h, consistent with cells undergoing ARHI-induced autophagy. To determine whether increased ATG4 and LC3 expression is due, at least in part, to increased gene transcription, mRNA levels of ATG4 and LC3 were quantified by RT-PCR. Indeed, the presence of ARHI resulted in increased ATG4 and LC3 mRNAs ( Figure 5b ). Moreover, this increase is mediated by the transcriptional activity of FOXo3a, as a knockdown of FOXo3a abolished the ARHI-mediated increase of ATG4 and LC3 mRNAs (Figures 5c and d) .
ARHI induces Rab7 expression and promotes the formation of autolysosome. Rab7 has a role in the late endocytic pathway and lysosome biogenesis and participates in the late stages of autophagy by facilitating the fusion between autophagosomes and lysosomes to form autolysosome. [21] [22] [23] Therefore, we asked whether ARHI might also regulate Rab7 expression and influence autolysosome formation. SKOv3-ARHI cells were treated with DOX for 24, 48 and 72 h to induce ARHI expression. Analysis of the cell lysates by western blot analysis showed a significant increase in Rab7 after 24 h incubation with DOX ( Figure 6a ). Elevated Rab7 expression was maintained at 72 h, albeit at a reduced level. Concomitant with increased Rab7 protein Figure 2 ARHI re-expression inhibits the PI3K/AKT and Ras/ERK signaling pathways. ARHI re-expression in (a) SKOv3-ARHI and (b) Hey-ARHI decreases basal and EGF-induced increases in levels of pAKT and pERK. Ovarian cancer cells were treated with DOX for 24 h to induce ARHI expression. EGF (10 ng/ml) was added for 10 or 20 min. Cell lysates were prepared and probed with the indicated antibodies by western blot analysis. Band intensities were quantified and compared with that of control untreated cells to which a value of 1.0 was assigned. (c) ARHI inhibits EGF-mediated induction of Class I PI3K activity. Cell lysates were harvested from SKOv3-ARHI cells treated with DOX (24 h) and EGF (15 min) and were immunoprecipitated with anti-p85 PI3K or IgG as control. Immune complexes were assayed for the product of PI3K activity PIP 3 . *Po0.05; **Po0.01. Data were obtained from two independent experiments. (d) Expression of ARHI reduces the levels of membrane-associated PIP 3 . SKOv3-ARHI cells were transfected with a GFP-PH AKT or a GFP-PH PLCd reporter and cultured in the presence or absence of DOX for 24 h before they were treated with EGF (10 ng/ml for 8 min) alone or with EGF and wortmannin (100 nM for 8 min). Scale bars: 5 mm. Arrows indicate membrane accumulation of PIP 3 -associated GFP-PH AKT or PIP 2 -associated GFP-PH PLCd . (e) Expression of ARHI reduces the levels of GTP-bound Ras. SKOv3-ARHI cells were treated with or without DOX and EGF. Active, GTP-bound Ras was pulled down with RBD-agarose beads and quantified by western blot analysis. (f) Expression of ARHI reduces the levels of membrane-associated Ras. SKOv3-ARHI cells were transfected with GFP-Ras and treated with DOX for 24 h. Cells were then fixed and GFP-Ras was detected by confocal microscopy. The arrowheads indicate the membrane localization of GFP-Ras. Scale bars: 5 mm (Figure 6b ). ARHI expression had no effect on mRNA levels of EEA1, an early endosome marker. 24, 25 (Supplementary Figure S1) . To examine whether increased Rab7 mRNA related to increased FOXo3a transcriptional activity, SKOv3-ARHI cells were transfected with siFOXo3a for 24 h before treatment with DOX to induce ARHI expression. As shown in Figures 6c and d , knockdown of FOXo3a completely abolished ARHImediated induction of Rab7 at the mRNA and protein levels. To confirm that ARHI induces autophagic flux, SKOv3-ARHI cells were transfected with mCherry-GFP-LC3 plasmid and treated with or without DOX for 24 h to induce ARHI expression, followed by treatment with bafilomycin-a 1 (100 nM) for the last 16 h of transfection. Analysis of fluorescence images showed a significant increase in the formation of mCherry LC3 puncta (red) and reduced diffuse green p62 staining after 24 h incubation with DOX ( Figures  6e and f) . A significant increase in mCherry-GFP puncta (yellow dots) was observed following treatment with bafilomycin-a 1 (Figures 6e and f) . Concomitant with the induced autophagic flux, ARHI expression increased LC3II and decreased p62 on western blot analysis (Figure 6g ).
Knockdown of FOXo3a reduces the formation of autolysosome leading to an accumulation of autophagosomes in SKOv3 ovarian cancer cells. As Rab7 has a central role in the fusion of autophagosomes with lysosomes, we sought to examine the effect of FOXo3a knockdown on the formation of autolysosome. SKOv3-ARHI cells were transfected with siFOXo3a or siControl for 24 h and then induce the expression of ARHI before the cells were fixed and stained for LC3 and for the lysosomal biomarkers LAMP1 and LAMP2. Significant colocalization of LC3 with LAMP1 and LAMP2 was observed in control cells, but was markedly reduced in cells after FOXo3a knockdown (Figure 7a and Supplementary Figure S5) . Consistent with the reduced fusion of autophagosomes and lysosomes, we observed an increase in the levels of LC3 in both DOXtreated and -untreated lysates (Figure 7b and Supplementary Figure S2) , presumably related to a reduced degradation of LC3 by proteases in the lysosomes.
To confirm that knockdown of FOXo3a leads to increased accumulation of autophagosomes owing to reduced fusion of autolysosome, we performed transmission electron microscopy (TEM) to observe the autophagosomes directly in Hey-ARHI cells. As expected, very few autophagosomes were present in untreated cells; however, the presence of ARHI markedly increased the number of autophagosomes (Figure 7c ). In contrast, many autophagosomes were present in cells with FOXo3a knockdown even in the absence of ARHI (Figure 7c ), suggesting that basal FOXo3a activity is required in the autophagic flux that regulates proper fusion and degradation of autophagosomes. Consistent with its role in autophagy fusion, knockdown of Rab7 in Hey-ARHI cells resulted in a similar accumulation of autophagosomes in the absence of ARHI (Figure 7c ), although the expression of ARHI further increased autophagosome accumulation. At high magnification, vesicles in the FOXo3a and Rab7 knockdown cells are frequently enclosed by double-layered membranes, a characteristic feature of autophagosomes (Figure 7c ), whereas ARHI-expressing cells include more vesicles enclosed by single-layered membranes, consistent with the presence of successfully fused autolysosomes.
In a third approach to determine whether knockdown of FOXo3a or Rab7 leads to accumulation of autophagosomes that are unable to fuse with lysosomes, we compared the effect of FOXo3a knockdown to Rab7 knockdown on the formation of GFP-LC3 puncta in SKOv3-ARHI cells with and without ARHI. In control cells, the number of GFP-LC3 puncta was relatively low but increased significantly following ARHI expression (Figure 7d) . In sharp contrast, both FOXo3a and Rab7 knockdown markedly increased GFP-LC3 puncta in the absence of ARHI and the number of puncta was further increased by ARHI expression (Figure 7d ). Taken together, these results further support that FOXo3a has an important role in maintaining the steady-state flux of autophagy in ovarian cancer cells.
Expression of ARHI correlates positively with FOXo3a nuclear staining and LC3 staining in surgical specimens of ovarian cancer. Our studies in cell culture indicate that ARHI expression induced an increase in the nuclear localization of FOXo3a and in autophagic flux. To assess the clinical relevance of these observations, immunohistochemical methods have been developed to measure association of ARHI, FOXo3a and LC3 in formalin-fixed, paraffin-embedded ovarian cancer tissues obtained at surgery. Expression of ARHI, FOXo3a and LC3 was measured by immunohistochemical staining of tissue microarray (TMA) sections that contained cores from more than 200 primary ovarian cancers. Immunohistochemical staining was measured on a scale of 0-3 for staining intensity in comparison with staining observed in normal ovarian surface epithelial cells (Supplementary Figure S3) . ARHI expression was correlated positively with FOXo3a nuclear staining (Spearman's r, 0.2011, P ¼ 0.001) (Figures 8a and c) and LC3 staining (Spearman's r, 0.322, P ¼ 0.0001) (Figures 8b  and d) . The remarkable correlation of staining for ARHI with LC3 and FOXo3a suggests that these molecules are colocalized in human ovarian cancers undergoing autophagy and that ARHI and FOXo3a are important for inducing autophagy in ovarian cancer.
Discussion
Our observations indicate that the expression of ARHI (DIRAS3) at physiologic levels regulates autophagy in ovarian cancer cells at several steps, including initiation, membrane elongation and fusion of autophagosomes with lysosomes. Decreased mTOR activity has long been known to initiate autophagy. [26] [27] [28] Decreased signaling through the PI3K pathway can inhibit mTOR activity. 29, 30 In this report, we have shown that the expression of ARHI decreases both PI3K and Ras/MAP signaling by downregulating EGFR through enhanced internalization and degradation leading to a shortened half-life.
Both transcription-dependent and -independent mechanisms have been described that regulate autophagy. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] In this report, we have identified a novel transcription-dependent mechanism regulating autophagy through FOXo3a. Different posttranslational modifications regulate the function of FOXo3a protein. Treatment with EGF in the absence of ARHI activates AKT and ERK. FOXo3a is phosphorylated at multiple sites and translocated from the nucleus to cytosol, and FOXo3a-mediated transcription is attenuated. 16 In response to the expression of ARHI, FOXo3a protein is dephosphorylated and retained in the nucleus, inducing transcription of genes that mediate autophagy (ATG4, LC3 and Rab7). Previous studies have shown that FOXo3a regulates autophagy in skeletal muscle cells by transcriptional activation of genes that contribute to autophagosome formation, including MAP-LC3-I, ATG12, ATG4, Beclin-1, ULK1 and Bnip3. 15, 32, 33 These previous studies did not detect the induction of Rab7 and have not resolved how FOXo3a activates autophagy or the consequence of enhanced expression of autophagy-related genes.
In this report, we found that ARHI increased FOXo3a-mediated expression of Rab7. Rab7 is required for fusion of autophagosomes with lysosomes to form autolysosomes, where proteins and lipids are hydrolyzed, releasing amino acids and fatty acids to provide energy for cells under nutrient poor conditions. When FOXo3a was knocked down, autophagosomes still formed, but fusion with lysosomes was inhibited. This suggests that ATG4 and MAP-LC3-I were longlived, not in limiting supply or regulated by additional transcription factors. FOXo3a induction of Rab7 was required for successful fusion of autophagosomes and lysosomes to form functional autolysosome. Rab7 is required for maturation of late autophagosomes and fusion of mature autophagosomes with lysosomes. 21, 34 Inactivation of FOXO proteins has been associated with a fraction of breast cancers, prostate cancers, glioblastomas, rhabdomyosarcomas and leukemias. 35 In ovarian cancer, low expression of FOXo3a protein correlates with advanced disease stage and poor prognosis, particularly when combined with high expression of Skp2, which is required for its proteasomal degradation. 36 In addition to ovarian cancer, downregulation of ARHI has been associated with cancers at other sites, including breast, prostate, pancreatic, thyroid and lung carcinomas. 4, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Consequently, the observations made in ovarian cancer are likely to be relevant to many other types of cancer. In the future, it will be of interest to explore the interaction of ARHI and FOXo3a across cancers that originate from non-ovarian sites.
Taken together with our earlier studies, 6 ARHI regulates autophagy at several different levels including (1) induction through a decrease in AKT/mTOR signaling, (2) enhanced expression of LC3 and ATG4 during membrane elongation and (3) upregulation of Rab7 to permit fusion of autophagosomes and lysosomes. Cancer cells with low levels of ARHI may be less able to cope with nutrient deprivation. Conversely, high levels of ARHI have been found in dormant autophagic ovarian cancer cells in the peritoneal cavity detected during second look operations after primary chemotherapy. These persistent cells may prove susceptible to inhibitors of autophagy potentially improving clinical outcomes.
Materials and Methods
Antibodies and reagents. Bafilomycin-a 1 and AKT1/2 inhibitor (A6730) were purchased from Sigma (St. Louis, MO, USA) and an ERK inhibitor (CAS 1049738-54-6) was obtained from Millipore (Billerica, MA, USA). Antibodies against AKT, pAKT T308 , EGFR, pEGFR
S318/321 and MAP-LC3 were obtained from Cell Signaling Technology (Beverley, MA, USA). Anti-ATG4 was purchased from MBL (Woburn, MA, USA) and anti-actin antibody was from Sigma. Antibodies against pERK were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-LAMP1 was purchased from Abcam (Cambridge, MA, USA). LAMP2 (H4B4) antibody was from Developmental Study Hybridoma Bank (The University of Iowa, Iowa City, IA, USA) and antibodies against Rab7 were from Sigma and Rab11a was from Millipore. Murine monoclonal antibodies against ARHI were generated in our laboratory.
Cell culture. The Tet-on-inducible SKOv3-ARHI cells (p53 null) were grown in McCoy's medium supplemented with 10% FBS, 200 mg/ml G418 and 0.12 mg/ml puromycin. The Tet-on-inducible Hey-ARHI cells (p53 wild type) were cultured in RPMI-1640 medium supplemented with 10% FBS, 25 m g/ml blastocidin and 1 mg/ ml puromycin. ARHI expression was induced by adding 1 mg/ml DOX to the culture medium. We have shown in previous studies that induced ARHI expression is maximal at 24 h and is in the same range as that found in normal ovarian surface epithelial cells. 6, 47 SKOv3-ARHI-shControl and SKOv3-ARHI-shATG5 cells were established by stable knockdown using a scrambled sequence shRNA and ATG5 shRNA, respectively, with lentiviral infection of SKOv3-ARHI cells followed by flow cytometric cell sorting. GIPZ non-silencing lentiviral shRNA Control and lentiviral shATG5 were obtained from Fisher Scientific (Pittsburgh, PA, USA). The expression of ATG5 and the formation of autophagy of the cell lines were confirmed by western blot analysis.
Plasmids. GFP-PH
AKT and GFP-PH PLCd were a gift from Dr. G Mills, MD Anderson Cancer Center. GFP-Ras was obtained from Dr. H Wang. FOXo3a response element (FRE)-luciferase reporter plasmid was a gift from Dr. MC Hung, MD Anderson Cancer Center. AKT-CA (Myr-HA-AKT1-DD) was provided by Dr. Gordon B Mills, MD Anderson Cancer Center and plasmid pCMV-myc-ERK2-L4A-MEK1-fusion was purchased from Addgene (Cambridge, MA, USA).
Cell proliferation assay. Cells (2000 cells per well) were plated in 96-well plates in 100 ml media per well. The cells were cultured overnight and then with or without DOX (for ARHI induction) for the time intervals indicated in the figures. Cell viability was assessed by sulforhodamine B (SRB) assay. 48 Briefly, 50 ml of 30% TCA was added to each well and plates were incubated at 4 1C for 1 h. Plates were rinsed with distilled H 2 O, before the addition of 100 ml of 0.4% SRB in 1% acetic acid to each well. Plates were incubated for 30 min at room temperature, and then rinsed with 1% acetic acid. SRB was solubilized with 100 ml of 10 mM Tris for 5 min with shaking. Absorbance values were read on a microplate reader at 570 nm.
Immunofluorescent staining. SKOv3-ARHI cells were grown on coverslips and fixed in 4% formaldehyde in PBS for 10 min, rinsed two times in PBS and then permeabilized in 100% ethanol for 1 h at À 20 1C. Coverslips were rinsed (f) A schematic diagram of mCherry-GFP-LC3 degradation. The double-tagged LC3 protein (mCherry-GFP-LC3) will emit yellow (green merged with red) fluorescence in nonacidic structures and appear as red only in the autolysosome owing to quenching of GFP in these acidic structures, (g) ARHI increase LC3-II and decreases p62. Western bot analysis of LC3 and p62 were examined two times in PBS and blocked with 5% BSA in PBS for 1 h at room temperature, followed by incubation with primary antibodies diluted in 1.5% BSA in PBS for overnight at 4 1C. Cells were then washed four times for 5 min in PBS and incubated with secondary antibodies diluted in 1.5% BSA for 1 h at room temperature. Coverslips were then washed four times for 5 min in PBS, mounted on glass slides with Vectashield fluorescent mounting medium (Vector Labs, Burlingame, CA, USA) and examined using confocal microscopy (Olympus FluoView 500 or 1000; Olympus Inc., Melville, NY, USA). Goat antimouse or goat anti-rabbit secondary antibodies were conjugated to Alexa Fluor 350, 488 or 594 and were purchased from Invitrogen (Grand Island, NY, USA).
Western blot analysis. SKOv3-ARHI cells were incubated in lysis buffer (50 mM HEPES, pH 7.0, 150mM NaCl, 1.5mM MgCl 2 , 1 mM EGTA, 10 mM NaF, 10 mM sodium pyrophosphate, 10% glycerol, 1% Triton X-100) plus protease and phosphatase inhibitors (1 mM PMSF, 10 mg/ml leupeptin, 10 mg/ml aprotinin and 1 mM Na 3 VO 4 ). Cells were lysed for 30 min on ice, and then centrifuged at 17 000 Â g for 30 min at 4 1C. Proteins were separated on 12 or 15% SDS-PAGE and transferred to PVDF membranes. Immunoblot analysis was performed with the indicated antibodies and visualized with an ECL enhanced chemiluminescence detection kit (GM Healthcare Bio-Sciences, Pittsburgh, PA, USA). Quantification of protein band intensities were completed using the Java-based image processing program ImageJ developed at the National Institutes of Health (Rockville Pike, MD, USA).
Ras-GTP assay. Ras-GTP assay was performed with cell lysates prepared from SKOv3-ARHI with or without DOX treatment using the small GTPase Activation Assay kit from Cell Biolabs Inc. (San Diego, CA, USA), according to manufacturer's protocols. Briefly, Raf1 agarose beads were used to isolate and pull-down the active form of Ras from the lysate. Subsequently, the precipitated GTP-Ras is detected by western blot analysis using an anti-Ras antibody.
siRNA transfection. SKOv3-ARHI cells were transfected with control or targeted siRNAs using the Transfectin no. 4 reagent (Dharmacon Research, Lafayette, CO, USA). Briefly, a mixture of siRNA (100 nM final concentration) and transfection reagents were incubated for 20 min at room temperature. This mixture was then added to cells and allowed to incubate for 48 h before cells were harvested and analyzed for protein and RNA expression. For experiments with serial transfections, cells were transfected with siRNA using the Transfectin no. 4 reagent on day 1 and with GFP-LC3 plasmid using Lipofectamine 2000 (Invitrogen) on day 2. Cells were harvested 24 h later for protein expression measurements or fixed for fluorescence microscopy analysis.
Confocal microscopic analysis. SKOv3-ARHI cells were transiently transfected with pGFP-LC3 (24 h) or mCherry-GFP-LC3 and fixed with 4% paraformaldehyde. Cells were then washed with PBS, mounted and examined using a confocal microscope (Olympus FluoView 1000; Olympus Inc.). Digital images were obtained using FluoView 1000 software (Olympus Inc.). LC3 puncta of cells were counted and the mean of puncta per cell was calculated.
Real-time quantitative reverse transcription-PCR. Expression of FOXo3a target genes was measured using real-time quantitative reverse transcription-PCR (RQ RT-PCR). Total cDNA was synthesized using 2 mg of total RNA. The reverse transcriptase reaction was carried out according to the manufacturer's instructions using oligo(dT) 16 0 -CGCCCCACTTGATTTTGG-3 0 ). The melting curves were used to ensure there was not any nonspecific amplification. mRNA levels were normalized with a concurrent determination for GAPDH mRNA.
Transient transfection and luciferase reporter assay. For transfection, 1 Â 10 5 cells were seeded in 6-well plates and transfected using Lipofectamine 2000 (Invitrogen) with 0.5 mg of p(FOXo3a) 3 /luciferase reporter construct containing three copies of the FOXo3a binding site in front of a minimal promoter. Twenty hours later, the cells were treated with or without 1 mg/ml DOX for 24 h. The cells were harvested, and the cell extracts were assayed, in triplicate, for luciferase activity using a luciferase assay kit (Pharmingen, San Diego, CA, USA).
Transmission electron microscopy. For TEM examination of autophagosomes and autolysosome, SKOv3 cells were transfected with siControl, siFOXo3a or siRab7 siRNAs for 24 h before they were treated with or without DOX for 48 h. Cells were washed in PBS and fixed with 2.5% glutaraldehyde in 0.1 M PBS buffer and further fixed with 1% osmium tetroxide in 0.1 M cacodylate buffer. Specimens were stained with aqueous uranyl acetate and lead citrate before being observed with a Jeol-100 CX II (JEOL, Peabody, MA, USA) TEM at 80 kV.
Immunohistochemistry. A formalin-fixed, paraffin-embedded TMA samples of primary ovarian cancers were obtained from the Yale University Pathology Department and additional specimens were obtained from the MD Anderson Pathology Department. Specimens and associated clinical information were collected under informed consent under the ethics guidelines and approval of the Yale and MDACC Human Investigation Committee. Six micron sections were cut from each TMA. Incubation at 60 1C for 20 min was used to restore antigenic reactivity, followed by two 20 min incubations in xylene. After slides were rehydrated, antigen retrieval was performed in 6.5 mM sodium citrate buffer (pH 6.0) for 10 min. Three percent bovine serum albumin in 0.1 M Tris-buffered saline was used for blocking. Sections were incubated at 4 1C overnight with each of the primary antibodies, including anti-ARHI murine monoclonal (1 : 500; RC Bast Laboratory, Houston, TX, USA), anti-LC3B rabbit monoclonal (1 : 250; Cell Signaling Technologies, Danvers, MA, USA) and an anti-FOXo3a rabbit monoclonal (1 : 400; Cell Signaling Technologies). Anti-mouse or -rabbit immunoglobulin secondary antibodies were then applied for 1 h at room temperature, followed by washingthree times in PBS for 10 min. DAB chromagen was added for 1 min per slide, followed by three additional washes in PBS for 10 min and then hematoxylin staining was performed for 1 min per slide, followed by three additional washes in PBS for 10 min. Serial sections of cell line test arrays and IgG staining served as positive and negative controls and were stained alongside TMAs to confirm assay reproducibility. A TMA serial section stained for mouse IgG1 served as an additional negative control. Total staining intensity was determined as 0 (no staining), 1 (weak staining), 2 (moderate staining) and 3 (strong staining).
Statistics. All experiments were repeated independently at least two times and the data (bar graphs) were expressed as mean±s.e. Statistical analysis was performed using a Student's t-test (two-sample assuming unequal variances). The criterion for statistical significance was taken as Po0.05 (two-sided). Staining expression values for ARHI, LC3B and FOXo3a were obtained from each TMA. Spearman's r was used to assess the direction and strength of association between expression scores for ARHI, LC3B and FOXo3a (JMP Statistical Discovery Software, Version 7.0.1; SAS Institute Inc., Cary, NC, USA).
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